Floating gate field-effect transistors ͑FETs͒ for the detection of extracellular signals from electrogenic cells were fabricated in a complementary metal oxide semiconductor process. Additional passivation layers protected the transistor gates from the electrolyte solution. To compare the signals from n-and p-FETs, two electronically separated, but locally adjacent transistors were combined to one measuring unit. The paired sensing area of this unit had the dimension of a single cell. Simultaneous recordings with n-and p-channel floating gate FETs from a single cell exhibited comparable amplitudes and identical time courses. The experiments indicate that both types of FETs express similar sensitivities. © 2006 American Institute of Physics. ͓DOI: 10.1063/1.2219339͔
Recording extracellular electrical activity from living cells with semiconductor devices is a powerful tool that holds great promise for biomedical and neuroelectronic applications as well as for the development of whole-cell biosensors. In contrast to classical electrophysiological methods, these devices allow stable long-term, noninvasive recordings of electrical activity from single cells or networks of cells with multiple recording sites. For extracellular recordings, two main concepts were developed in the past: multielectrode arrays 1,2 ͑MEAs͒ with metallized contacts and field-effect transistor 3, 4 ͑FETs͒ arrays. When using FETs, the gate oxide provides a high impedance input. The presented FET designs had either nonmetallized, oxidic gates ͑also called open gates͒ 4, 5 or metallized gates. The latter were either in direct contact to the electrolyte solution 6, 7 or had electrically insulated, so-called floating gates. [8] [9] [10] In recent works, we examined the extracellular recordings of a human embryonic kidney cell line ͑HEK293͒ expressing a voltage-gated K + channel using either nonmetallized, open-gate n-or p-channel FETs. 11 In general, these extracellular signals showed distinct differences. The n-FET signals were significantly larger in amplitude and we observed a slower time course compared to the p-FET signals. In order to investigate these discrepancies, we developed a pair of electronically separated, but locally adjacent floating gate n-and p-FETs for the recording of extracellular signals in this work. Each of these sensing units exposed a paired sensing area with the dimension of a single cell. This sensing area was isolated from the electrolyte solution by a thin, thermally grown oxide.
The fabrication process of our floating gate field-effect transistors ͑FGFETs͒ was partially adopted from a twin-well, 1.3 m, double polycrystalline silicon, double metal complementary metal oxide semiconductor ͑CMOS͒ process of the Microfabrication Laboratory, University of California at Berkeley. 12 After the self-aligned drain-source implantations the wafers were covered with 550 nm silicon dioxide, deposited by standard low-pressure chemical vapor deposition ͑LPCVD͒. Drain and source contacts as well as contacts to the lower gate layer-outside the active area of the transistor-were opened by reactive ion etching ͑RIE͒. A layer of 150 nm n-doped polycrystalline silicon was deposited ͑LPCVD͒ to form the interconnects and the upper part of the paired floating gate, the sensing area. The layer was structured by RIE and the interconnects were silicided with titanium to decrease the access resistance. The wafers were passivated with 100 nm silicon dioxide by plasma enhanced chemical vapor deposition ͑PECVD͒, 150 nm silicon nitride ͑LPCVD͒, and 100 nm silicon dioxide ͑LPCVD͒. The sensing area was opened by RIE and thermally oxidized by rapid thermal processing for 10 min at 800°C. Finally, Ti/ Au bond pads were defined by a lift-off process. Our FGFET design combined a CMOS-type transistor optimized for high transconductance and low noise with an independent sensing area that was adapted to the size of an adhering cell. 10 Ions like sodium or potassium penetrating into the gate oxide are known to deteriorate the properties of open-gate FETs. The design of the floating gate transistor protects the gate oxide from the electrolyte solution and enables multiple reuse of the devices. Each chip contained an array of eight of n-and p-channel FET units. They were mounted on standard 40 pin dual-inline ceramic chip carriers, wire bonded, and partially encapsulated to form a culture dish on the device. 5, 10 Details of the amplifier system for the FETs have been described elsewhere.
13 Figure 1͑a͒ shows a cross section and Fig. 1͑b͒ a top view of a measuring unit and the paired sensing area.
We cultured HEK293 cells expressing a voltage-gated ether-á-gogo ͑EAG͒ potassium channel 11 on the FET chips. The activation kinetics of this ion channel is well known and depends on the stimulation pulse and the concentrations of divalent cations. [14] [15] [16] The FET chips were cleaned 5,11 and coated with poly͑L͒lysine ͑Sigma͒. The cell culture was adapted from previously published protocols. 11 After cell plating, the chips were incubated at 37°C and 5% CO 2 for three to five days.
Cells that covered the sensing unit ͓Fig. 1͑c͔͒ were attached by a patch pipette in the whole-cell configuration, and rectangular voltage pulses were applied. The membrane current I M and the corresponding n-and p-channel FET signals were recorded simultaneously. The changes in the drainsource current I DS are correlated with changes in the gate voltage of the FET ͑V FET ͒, as given by
fied and fed into an EPC-10 patch-clamp amplifier ͑HEKA Elektronik͒. The patch pipettes were filled with an intracellular solution ͑in millimolar: 125 KCl, 2 MgCl 2 , 10 EGTA, 10 HEPES, 5 Na-ATP, adjusted to pH of 7.4 with KOH͒. The extracellular solutions were ͑in millimolar͒ 5 KCl, 140 NaCl, 1 CaCl 2 , 5 MgCl 2 , 10 HEPES, 5 glucose, adjusted to pH of 7.4 with NaOH. A Ag/ AgCl electrode, which was set to ground potential, served as reference electrode for both FETs and the patch-clamp amplifier. Figure 2͑a͒ shows a typical recording of the transmembrane whole-cell potassium current I M from a HEK293 cell. The time course of I M displayed the same characteristics as previously described for EAG currents. 11, [14] [15] [16] Figure 2͑b͒ shows the corresponding n-and p-channel FET recordings. A quasilinear drift of the FET signals during the recording was subtracted. The root-mean-square noise was 52 V for the n-channel and 67 V for the p-channel FET in this particular recording. In order to enhance the signal-to-noise ratio, the recordings were averaged ͑n = 50 traces͒. The time courses of all FET signals were the same for both types of FET ͑n = 14 cells͒. They resemble a combination of different signal components, which were already previously described: 11 ͑i͒ capacitive transients at the onset and offset of the voltage stimulus, caused by capacitive coupling of the stimulus through the attached membrane, [17] [18] [19] ͑ii͒ an increase of V FET to a steady-state amplitude, ͑iii͒ a partially instantaneous decline of V FET at the end of the stimulus ͑Ohmic coupling͒, and ͑iv͒ a slower relaxation of V FET , that is not observed for I M ͑electrochemical coupling͒. In all recorded signals, the amplitude for n-and p-FETs differed from each other, whereas the time course was always the same for both transistor signals. Figure 3 shows a comparison of the steady-state amplitudes of our extracellular recordings using the pairs of n-and p-FETs. For n = 14 cells we recorded amplitudes of 92± 63 V for the n-FETs and higher values of 140± 121 V for the p-FETs. A t-test on all steady-state FET recordings ͓see " ‫ء‬ " in Fig. 2͑b͔͒ resulted in a p-value of p = 0.20. In conclusion, the n-and p-FET signal amplitudes do not differ significantly. The large standard deviations of the amplitudes in Fig. 3 can be explained by unequal coverage of the respective sensing areas by the cells.
In a previous study with open-gate FETs, we found that the amplitudes of n-FET signals were significantly larger than those for p-FETs. Moreover, the signal relaxation was slower for the n-FETs. These differences were discussed as an effect of slightly different ion sensitivities of both chip types. 11 It was already discussed that the selective ion binding to the silicon oxide could also influence the recorded signal shapes. 20 In the present study, the transistors used for the individual measurements were situated on the same chip, and therefore differences in the respective surface properties of the paired gate can be excluded. In order to compare the time course of the FET signals, we normalized the traces with respect to their steady-state amplitude. Figure 4 
